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W3MEHEHME YPOBHS DKCITPECCHUY T'EHOB, KOJAUPY IO X CUCTEMBI
CTPECCOBOTO OTBETA, B KOPHSIX ARABIDOPSIS THALIANA (L) HEYNH.
MOJ JENCTBUEM TOKCUYECKHNX YPOBHEI Ni2* B CPEJE
W BJUSSTHUE HA HETO DK30TEHHOTI'O L-TUCTUANHA

AHHoTanus. Hukenb sBigeTcs 15 BBICIIUX PACTEHUIN ICCEHIIMAIBHBIM TPIHC-3JIEMEHTOM, BXOASIIUM B COCTAB ype-
a3bl, TIIMOKCHIIA3 U psija ruaporeHas. OQHAKO B BBICOKMX KOHIIGHTPALMSAX JAQHHBIA MeTasul MOAABISET POCT M pa3BUTHE
pacrermii. TokcHuHbIe 115 pacTenuii ypoau Ni>* (>107° M) XapakTepHBI I/ MOYB, CHOPMHUPOBAHHBIX H3 ByJIKAHHUIECKHX
NOpoJI, BOIHM3H FOPHOAOOBIBAIOIINX ¥ METAJIITYPrHYeCKHX KOMOMHATOB, CBAJIOK, MECT 3aXOPOHEHHS 0TX00B. IloBBIIICHHOE
CoziepKaHMe YPOBHS HUKENS B [IOYBAX 3apETUCTPUPOBAHO U Ha HEKOTOPHIX Tepputopusix benapycu. B npencrasnennoit pa-
6oTe McceOBaHO BO3JEHCTBIE MHAMa30HA TOKCHYECKHX KoHteHTpanuit NiZ* (0,3-2 MMoms/1 NiCl,) Ha skcmpeccHio psaa
BaKHEHIINX TEHOB CTPECCOBOTO OTBETA Y MOJENBHBIX pacTeHuil Arabidopsis thaliana (L.) Heynh., a Taxxe BiusHUE Ha
9TOT MPOIECC MPUPOAHOTO 3AUUTHOTO areHTa pacTeHui — L-ructununa (I'uc), ycueHHo CHHTE3HpyeMOro PaCTCHUSAMU MIPH
HUKENIEBOM CTPEcce M cocoOHOTo cBA3biBaTh NiZt. B Xo1e MPOBENCHHBIX ONBITOB C MCTONB30BAHMEM METOMA MOMHMEpa3-
HO# 1enHOM peakuuu B peansHom Bpemenu (ITLIP-PB) Gbi10 06HapyxkeHo, uto BeeaeHne Ni’' B KyJIbTHBAIMOHHYIO Cpe-
Jly BBI3BIBAJIO ]0303aBHCUMOE yBEIHYEHHE OTHOCUTENBHON KCIIPECCHH T€HOB, KOAUPYIOMHUX IIyTaTHoHpenykrasy (GRI1),
HAJI®H-oxcunasy (RBOHC), Ca*'-3aBucumyio npotennkunasy (CPKG), katanasy (CAT2) u HApysKy-BbIIPSMIIAIOIIHIA
K'-kanan (GORKI). MakcumaibHOE yBenHueHNe Habmonatock mpu o6paboTke 2 Mmmois/m NiZ* u cocransio 5,9; 5,0; 3,0;
2,8 u 2,2 paza nns tpanckpuntoB RBOHC, GRI, CPK6, CAT2 u» GORK]I coorBeTcTBeHHO. B ciyuae renoB nonu(AJ1P-
pubo3a)-nonumepassl (PARPI), muxiaunaa B2 (CYCB2) u Cu/Zn-cynepokcnaaucmytassl (CSD2) ypoBeHb TPaHCKPUITOB BO3-
pacTay mpu HE3KHX ypoBHaX Ni’', a 3aTeM cHIIKaICcs pH ero 6ojee BHICOKHX YPOBHAX B cpenie. Beenenne I'ic coBMecTHO
¢ Ni?" mpenorepamarno Ni?'-maayruposanHoe H3MEHEHHE SKCTIPECCHH TeHOB. TakuM 06pa3omM, B paboTe TIPOIEMOHCTPHPO-
BAHO, 4TO pacTenus A. thaliana orBedaroT Ha M36EITOK NiZ" MHIYKIMEil dKCIpeccHl GepMEHTATHBHBIX aHTHOKCHIAHTOB,
6emKoB peoke- 1 Ca’ -omocpeayemMoii KIeTOIHOH CHTHATH3AINH, a TAKKE MOIMMUKAIHEH CHCTEM KOHTPOJIA ICTEHHUS 1 pe-
mnukauun JJHK; nanuenii 3G ext HaxonuTes mox KOHTPOIeM SK30reHHoro ['uc.

KuroueBble cjioBa: TsKeble METAJUIbl, HUKEIb, (pusnonorus crpecca, L-ructuaun, akTuBHbe HOPMBI KHCIOPOAA,
KaJblIMeBasi CUTHAJHM3AIINsI, PEIOKC-PEryIIsLus, dKCIpeccus reHoB, Arabidopsis thaliana

Just nutupoBanus: Mankesuy, B. C. V3MeHeHHe ypOBHS 3KCIPECCHU I'€HOB, KOAUPYIOIIUX CUCTEMbI CTPECCOBOIO
oTBeTa, B KOpHSX Arabidopsis thaliana (L.) Heynh. mon neifcTBieM Tokcuueckux yporeit Ni™ B cpelie ¥ BIMSHHE Ha HETO
sk3orenHoro L-ructuanna / B. C. Mankesuu, lemununk B. B. / Becni HaupisinansHaii akagomii HaByk benapyci. Cepsis
OisutarigHbix HaByK. — 2025. — T. 70, Ne 4. — C. 304-315. https://doi.org/10.29235/1029-8940-2025-70-4-304-315

Viera S. Mackievic!, Vadim V. Demidchik?

!Belarusian State University, Minsk, Republic of Belarus
V. F. Kuprevich Institute of Experimental Botany of the National Academy of Sciences of Belarus, Minsk, Republic of Belarus

ALTERATIONS IN EXPRESSION OF STRESS-RESPONSIVE GENES
IN ARABIDOPSIS THALIANA (L)) HEYNH. ROOTS INDUCED BY TOXIC Ni** LEVELS
AND JOINT APPLICATION OF Ni** AND L-HISTIDINE

Abstract. Nickel (Ni) is an essential trace element for higher plants, being a part of urease, glyoxylases and hydro-
genases. However, in high concentrations, this metal exerts a pronounced toxic effect. Levels of Ni?* that are toxic to plants
(>1073 M) are typical for soils formed from volcanic rocks, near mining and metallurgical plants, landfills, waste disposal
sites. Elevated nickel levels are also recorded in the soils of Belarus. In the presented work, we examined the effect of a range
of toxic Ni** concentrations (0.3-2 mM NiCl,) on the expression of a number of important stress response genes in model
plants Arabidopsis thaliana (L.) Heynh., as well as the effect of a natural plant protective agent, L-histidine (His), which
is intensively synthesized by plants under nickel stress and is able to bind Ni?*, on this process. In the experiments conducted
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using the Real-Time Polymerase Chain Reaction (RT-PCR) method, it was found that the introduction of Ni** into the culture
medium caused a dose-dependent increase in the relative expression of genes encoding glutathione reductase (GR/), NADPH
oxidase (RBOHC), Ca?*-dependent protein kinase (CPK6), catalase (CAT2) and outward-rectifying K* channel (GORKI).
The maximum increase was observed upon treatment with 2 mM Ni?*, relative transcript levels were 5.9, 5.0, 3.0, 2.8 and
2.2 times higher than in control for RBOHC, GR1, CPK6, CAT2 and GORKI respectively. In the case of the genes encoding
poly(ADP-ribose)-polymerase (PARPI), cyclin B2 (CYCB2), and Cu/Zn-superoxide dismutase (CSD?2), the transcript levels
increased at low Ni?* concentrations and then decreased at higher Ni?" concentrations in the medium. The introduction of His,
in conjunction with Ni?', prevented the Ni**-induced change in gene expression. Thus, it was demonstrated that 4. thaliana
plants respond to excess Ni?* by inducing the expression of enzymatic antioxidants, proteins involved in redox- and Ca®'-
mediated cellular signaling. This response is accompanied by alterations in the systems of control cell division and DNA
replication, which can be regulated by exogenous His.

Keywords: heavy metals, nickel, stress physiology, L-histidine, reactive oxygen species, calcium signaling, redox regu-
lation, gene expression, Arabidopsis thaliana
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BBenenue. 3arps3Henne OKpy Karomei cpeasl TSKEIBIMU MeTaJuIaMH SBIISIETCS OMHON M3 BayKHEH-
IIUX MPUYUH CHM)KEHUS MPOJYKTUBHOCTH CEJIHCKOXO3SWCTBEHHBIX PACTEHUH M MOBPEXKICHUS TUKOU
¢opsr [1-3]. Kpome Toro, TOKCHUECKUE METaJJIbl, HAKATUIMBAIOIINECS B PACTCHUSIX, B JalbHEHIIIEM
MOMaaloT B MULIEBbIC LETIH )KUBOTHBIX U YesnoBeka. OHUM 13 HanboJiee OMacCHbBIX TSKEIbIX METaJJIOB
SBJISIETCS] HUKEJIb, COAIEpKaHUe KOTOPOTO B MOYBE 32 MOCJIEHUE JIBA AECATHIIETHS 3HAYUTEIBHO YBEIU-
qu1och [4]. JlaHHBIN 2JIEMEHT OTHOCHTCA K OTHUM M3 CaMBbIX PAacIpOCTPAHEHHBIX Ha 3eMJI€, COCTaBIAA
1,8 % macchl Hallel TIaHeThl U MPEBBIMIAs [0 ATOMY TI0Ka3aTeN0 Takue AeMeHTHI, kak Ca u Al. DTo
o0ycnaBiIMBaeT OYCHb BBHICOKHE KOHIEHTPAIMHM HHUKENsI B MECTaxX BBIXO/a BYJIKAaHUYECKUX IOPOJ —
IO HECKOJIBKUX TpaMM Ha KUJIOTPaMM CYXOH TOYBHI (TaKHE TTOYBBI HA3BIBAIOTCS CEPIICHTUHHBIMH) |5, 6].
Hwukens Takke akTUBHO J0OBIBaeTCs (10 2—2,3 MITH T B TOJ BO BCEM MHPE) U UCIIONIB3yETCS TIPH MTPOU3-
BOJICTBE HEpIKaBEIOIIEH CTajM, IBETHBIX CIUIABOB, aKKYMYJISITOPHBIX OaTapel, KpacuTeneil u Apyrux
MPOAYKTOB [7]. DTO cO37aeT JOMOJHUTEIIBHBIN MOIIHBIA UCTOYHUK 3arpsi3HeHUst Ouochepsl JaHHBIM
METaJIJIOM.

st okpyxaroreit cpepl 0cOOEHHO BBICOKYIO OMACHOCTh MPEACTABISIOT COSANHEHUS HUKE s, 10~
najarouie B armocepy ¢ BBIOPOCaMU BYJIKAHOB, CTAJICTIABUIILHOM TPOMBILIICHHOCTH, a TaKXKe yTed-
Ka MOHHBIX ()OPM HUKEIS U3 TOPOJACKUX 0TX0/10B [5]. B Benapycu cpennuii ypoBeHb cofiepkaHusl HUKe-
7 B MOYBaX cocTaBisieT okono 3,0 MI/kr cyxoi Macchel [8]. OnHako B HEKOTOPHIX Topoaax (MUHCK,
bopucos, Kanunkosuuu, [lomoux, I'pogno, JIuga u CBETIOropcKk) copepKaHue HUKEI S MPEBBIIIAST
npenensHo nonyctumyto konuentpanuto (ITJIK) u nocturaer 23—25 Mr/kr cyxoi Maccel mouBsl [9—11].
Ilo naraeiM HarmonansHON cCTEMbBI MOHUTOPHHTA OKpY Karommei cpeasl, B 2021 1. MOBBIIEHHBINH YPO-
BeHb HUKeNs (4,4-KpaTHOE MPEBBINICHHE OPUEHTHPOBOYHO JormycTuMoii koHreHTpanuu (O1K)) peru-
ctpupoBacs B 27,5 % npob noussl . ['oMens, B OTAENBHBIX Cllydasix cocTaBisis 88,9 MI/Kr cyxoil mac-
cel [12]. B 2022 1. BBICOKOE cOepKaHWE HUKEIS B MOYBaX HACEJICHHBIX MyHKTOB (10 2,2 O/IK) 65110
3aperucTprupoBaHo B I. 'poxano, rrie mpessrmenne O/JIK ¢ukcnposanocs B 24,5 % mpoaHanu3npoBaH-
HBIX TIpo0 [11].

HecMoTpst Ha TO 4TO HUKENIh YYacTBYEeT B METaOOIM3ME PACTCHHI, BXOJsl B COCTaB ypeasbl, [INOK-
CUJIa3 M psifa THAPOTEHA3, ero Ne(UIIUT BCTPeUaeTCss 3HAUNTEIBHO peXe, 9eM H30BITOYHOE CofepKa-
Hue B nouse [13]. B coBpemenHOl (hn3nonornu pacTeHU HUKEIh BCE Yallle pacCMaTPHUBAETCs Kak Ha-
HOBJIEMEHT, YTO OTpakaeT HE3HAYMTENbHYIO MOTpeOHOCTh B HeM pacTeHuid [14]. [nst GonpimHCTBa
BUJIOB pacTeHUH coJepKaHue HUKENS B 1MouBe, npebimatomiee S0—100 Mr/kr cyXod Macchl, sSIBISETCS
TOKCHYHBIM [15]. Upe3mepHble YpOBHM HHUKENIS BBI3BIBAIOT CHIIBHOE WHTHUOWPOBAHHE POCTA KIIETOK
u MoguduuupyoT nuphepeHInpoOBKY TKaHEeH, HHAYUUPYIOT HEKPOTUYECKHE CUMIITOMBI, IOAABIISIOT
(OTOCHHTE3 U KJIETOYHOE JbIXaHUE, a TAK)KE BBI3bIBACT IeHOTOKcHYecKkue ¢ dexthl [16—18]. B kaue-
CTBE MEXaHHM3Ma TOKCHYECKOTO BIMSHUS HUKENS HA OPTaHU3M PACTEHUS Yallle BCETO pacCMaTpHUBAETCA
NoAaBieHUE PaObOThI CyNIEPOKCUAINCMYTa3, KaTajla3, OKCH/1a3 U IEPOKCUAA3, YTO IPUBOIUT K UCTOILLE-
HUIO ITyJ1a BOCCTAHOBJIEHHOTO ackopOara 1 THOJI-CO/IepKallliX aHTHOKCUAAHTOB, U30BITOYHON MPOIYK-
un akTUBHBIX (popm kuciopoaa (ADPK) n BRICOKOTOKCHYHBIX TEPMHUHAIBHBIX TTPOTYKTOB OKHUCICHUS
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opran4eckux mMosiekyn [16, 18-20]. ImeroTcst paboThl, TOKAa3bIBAIOIIKE, YTO U30BITOK HUKEIS TTPHBO-
JIUT K 3HAYUTEIBHBIM U3MEHEHUSIM B CTPYKTYpe U (DyHKIITMOHUPOBAHHUH ITUTOCKEJIETa U OSIIKOB BEpeTe-
Ha JICJICHUSI PACTUTENIBHON KJIETKH, 4TO BBI3BIBaeT omuoOku npu perukanuu JHK [21]. KneTounas
CTEHKA TaKJKe SBJISICTCS OTHON M3 MUIIICHEH TOKCHYECKOT'O BIHMSHUS HUKEIS [22].

HenaBHo Gb110 ycTaHOBIEHO, uTo NiZ* IpH B3aMMOJIEHCTBIM C OpraHUUeCKUMH JTUTaH[aAMH, CHH-
TEe3UPYEeMBIMU PACTEHHEM B OTBET Ha M30BITOK DTOT0 METaJlJIa, MPUOOpETaeT MOBBIIIEHHYIO PEIOKC-
AKTUBHOCTb, CXOXKYIO ¢ HOHaMH xkeje3a u Meau [18]. IlokazaHo, YTO KOMIJIEKCHI Ni%" ¢ L-ructuau-
HoM (I'uc) cmocoOHBI KaTaau3upOBaTh NPOAYKIHUIO THAPOKCHIBHBIX paaukanos (HO), 3amyckas penokc-
u Ca’'-3aBUCHMbIE CHUTHAJBHEIE SBICHUS B KOPHAX Arabidopsis thaliana [18]. Tlpeamonaraercs,
4TO TaKUM 00pa3oMm I'uc KpoMe mpaMoii 3amuThl oT Ni* (XenaTupoBaHUs) CIOCOBCTBYET BOCIIPHS-
turo Ni%* pacTuTensHOi KIeTKoM, HHPOPMAIHA O KOTOPOM TPaHCIHPYEeTCsS HA TeHETHYECKHH ypo-
BEHB, BKJTIOYAsT MEXaHU3MBI 3aIUTHI U aJalTaIliH.

Hecmotpst Ha TO uTO MMerOTCs paboOTHI, YKa3bIBalOLIMEe Ha BOBJICUCHHE CHCTEM PEIOKC-MeTado-
mmma u Ca’’-curHaM3aIyy, IOKa 0CTAeTCS HEACHBIM, KaK H30BITOK HUKENSA B Cpejie MOAU(DHIUPYET
AKTUBHOCTb B)KHEHIIMX I'€HOB, yYacCTBYIOUIUX B JAETOKCHUKALIMU U Mpou3BojacTBe ADK, BocnpuaTuu
Ca’"-curHaNOB ¥ TNOBBINICHHN YCTOWYHBOCTH TEHETHYECKOro ammapara. Hem3BecTHO, KaK BIIHSAET
Ha 3T NPOLIECCHI IPUPOAHBINA CTPECC-NIPOTEKTAHT — IK30T€HHBIN [ Mic. B 3TOM CBSI3M LIENbIO HACTOAILEH
paboTHI SBISIIOCH YCTAHOBIICHHE H3MEHEHU B IKCIIPECCUHU T€HOB, KOAUPYIONIUX CHCTEMBI PEeOKC-Me-
tabonn3sma, Ca’’-omocpeyeMoil CHIHAIN3al|K U PEry SNy KJISTOYHOTO LIUKJIA, B KOpHAX A. thaliana
107 JieficTBIEM TokcHdeckuX ypoBHeit Ni2¥, a Takke HpH cOBMeCTHOM Bo3zieifcTBuM Ni’™ 1 3K30reHHO-
ro ['uc. B xauecTBe TecTHpyeMbIX I'eHOB ObLTW BbIOpaHBI cienytomue: CAT2, CPK6, CSD2, CYCB2,
GORKI, GRI, PARPI, RBOHC, sBnsiouiuecs OJHUMH H3 Hamboiee pedepupyeMbix B pabo-
Tax MO MpobJieMe OKHUCIUTEIBHOIO0 CTPecca, TOKCHYHOCTH TSKEIBIX METaJlJIOB, a TaK)Ke PEJOKC-
u Ca’’-omocpenyemoii CHIHAM3aIMK Y BBICIINX PACTEHMH (COTNIACHO METAaHANHU3y JAaHHBIX 110 My0-
nukarsiMm Web of Science 3a 2024 1.). O0BeKTOM HCCIICTOBAHUS CIIYKUIH KOPHU A. thaliana — Bax-
HEHUIIero MOJIEIEHOTO BHJIa B OMOJIOTHY PACTEHU.

O0beKTHI U MeTOIBI HccienoBanus. Pabora nmpoBoamiack Ha KOpHAX 10-THEBHBIX MPOPOCTKOB
A. thaliana nipupomguoro skotumna Columbia-0 (Col-0). Cemena Op1u mosrydeHbl U3 HOTTHHTEMCKOTO
LeHTpa ceMsiH Arabidopsis thaliana (Nottingham Arabidopsis Stock Centre, BenukoOpuranus). Pacte-
HUSI KyJIbTUBUPOBAIIUCH B CTEPUIIBLHBIX YCIOBUSX HAa MOBEPXHOCTH cpeabl Mypacure u Ckyra (Duchefa
Biochemie, Hunepnanasl) ¢ nodasnenunem 1 % caxaposst u 0,25 % remnaHoBoi KaMean (PhytagelTM,
Sigma-Aldrich, CIIIA), pH 6,0 (KOH), mpu remnieparype 22 °C, cBeToBOM pekume 16 1 cBeT/8 1 TeM-
HOTA ¥ TIOTHOCTH CBETOBOTO MOToKa 100 MkMOJIb hoToHOB M 2c~!. BBeneHuUe B cpely BHIpAIIMBAHUS
nukens (NiCl,-6H,0; AppliChem, I'epmanus, A3917,0100) u I'uc (L-histidine; Sigma-Aldrich, H8000)
OCYIIECTBIISIIOCH TIOCIIE MPOPACTAHUS CEMSH Ha 5-€ CyTKH TOCJ€ TOMEIIEHHUS B POCTOBBIE KaMephl.
Ha 10-e cyTku KynbTUBHPOBAaHUS (5-€ CyTKH MOCIe T00aBJIEHUS CTPECCOPOB) MPOU3BOINIIOCH U3MEpe-
HHE POCTOBBIX XaPAKTECPUCTUK MOJOIBIX pacTeHui. [lamee KOpHU OTpe3anuch MPHU MOMOIIU JIE3BHUS,
OTJIENISUTUCH OT CPEJIbI U 3aMOPaKMBAJIUCH B )KUIKOM a30Te IS MOJIEKYIIPHO-TEHETHIECKOTO aHaIIN3a.

Breinenenne PHK ocymectsisitocs ipu momormu Habopa RNeasy Plant Mini Kit (QIAGEN, I'epma-
HUSI) COIJIaCHO MHCTPYKIuuU npousBoautens. Konnentpamus PHK usmepsiiace Ha ciekrpodoromerpe
SmartSpec™ Plus Spectrophotometer (Bio-Rad, CILIA), u 1,5 mxr o6meit PHK ncrons3osanocs aj1s CHH-
te3za kJIHK. OGpaTtHas TpaHckpurus mpoBoauiack ¢ ucrnons3oBanueM SuperScript™ III First-Strand
Synthesis System (Invitrogen, CIIIA) cormacao uHCTpyKinu npomsBogutens. Jus I1LP-PB nmpumens-
nack cuctema LightCycler® 480 SYBR Green I Master Mix (Roche, L1IBelitiapust) ¢ cOOTBETCTBYFOLIMMH
npaiiMepamu (TU3aiiH 1 aHaIU3 PaliMEepOB OCYIIECTBISIICS B OHJIAWH-TIpUiIokeHuu Primer3web v.4.1.0
(tabmnuia)) u [TIP-ammmudukarop LightCycler® 480 Instrument II (Roche). Yenosust TTLP-PB: 95 °C —
5 muH (1 uuki); 95 °C —10 ¢, 60 °C —30 ¢, 72 °C — 30 ¢ (45 uukino); 95 °C —30 ¢, 65 °C — 1 muHn, 97 °C —
30 ¢ (1 umkm); 40 °C — 10 mun (I muki). AHanMU3 NOTYYCHHBIX JAHHBIX MPOU3BOIUIICS MPU TTOMOIIH
LightCycler® 480 Software v.1.5 (Roche). YpoBeHb TPaHCKPUTITOB I'€HOB PACCUUTHIBAJICS ITPH TIOMOIIH
mertona 2 2ACT Hopmanm3anus ocyIecTBIANACH [0 CTAHIAPTHBIM pedepercHbM renam ACT2 u SAND
(Tabnwia). DKCIIEPUMEHTHI IIPOBOIMITUCH B 5-6 IOBTOpaxX /ISl KaXKI0T0 BapHaHTa OTBITA.
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IMocnenoBaTenbHOCTH npaﬁMepOB, HUCIOJIL30BAHHBIX B pa60Te

Sequences of primers used in the study

Ten (Toxyc) IMocienoBaTenbHOCTH paiiMepoB 5'-3' Ipoayxt HcTounuk
ACT2 (AT3G18780) [Ipsamoit CTTGCACCAAGCAGCATGAA A 5 23]
KTUH
Oo6patubiii  |CCGATCCAGACACTGTACTTCCTT
SAND (AT2G28390) [Ipsimoit AACTCTATGCAGCATTTGATCCACT
— SAND-6em0K [23]
Oo6patubiii | TGATTGCATATCTTTATCGCCATC
CAT2 (AT4G35090) [Ipsamoii TCCGTTCCCTGTCGAAATTG
Karanaza 2 [24]
Oo6patubii  |AACTCCTCCATGACCGTTGGA
CPK6 (AT2G] 7290) HpHMOﬁ AGACAACGATGGACGGATTG Ca2+-3aBI/ICI/IMaH [25]
Oo6patubiii  |CTCCCTACACCAGCATTTCC IPOTEUHKHHA3a 6
CSD2 (AT2G28190) [psimoii GAGCCTTTGTGGTTCACGAG Cu/Zn- 4]
Oo6patubiii  |CACACCACATGCCAATCTCC CyNEpOKCUITUCMYTa3a
CYCB2 (AT2G17620) [Ipsmoit TCAGTTCCAAGTGCTAACGA I B N
HUKJINH
Oo6patubiii | TCCTCCATCTCAACTTCTTCC
GORK1 (AT5G37500) [Ipsamoit GGCTGTGAAAGCAGGACAAG Hapyxy-
N BBITPSIMJISTIOIIM I )
Oo6patubiii  |[TCGCCTTTAGCAACTGTCGT K -xanan GORK
GRI1 (AT3G24170) [Ipsamoii CTCAAGTGTGGAGCAACCAAAG
— I'nmyrarnonpenykrasa 1 [24]
Oo6patubii  |ATGCGTCTGGTCACACTGC
PARPI (AT2G31320) [Ipsamoit TGCTCTTGAAAGAGAAGGAGAG Tonu(AJID-pu6o3a)- «
Oo6patubiii | TAATCGAGAACCATGCCATAGG noJimmepasa
RBOHC (AT5G51060) [psimoii TCACCAGAGACTGGCACAATAAA HA JI®H-okcunasa 4]
O6parubiii  [GATGCTCGACCTGAATGCTC trma C

* o M
[Ipumevanue — npaliMepsl CKOHCTPYUPOBAHBI B HACTOSIIEH padoTe.

Jist craTrcTHYecKo 00paOdOTKH JIaHHBIX IIPUMEHSIINCH CTaHAapTHBIE METO/IbI BAPHAIIMOHHOMW CcTa-
TUCTUKU. OCHOBHBIMH CTaTUCTHUCCKUMU XapaKTEPUCTHKAMU CITYKHIIN CpedHsisl apudMeTHUECKas Be-
nuyuHa (X), cpeqHee KBaJlpaTHYHOE OTKJIOHEHHE (G) U omuOKa cpenHelt BenmanHbl (Sx). CpenHue 3Ha-
YeHHS CPAaBHUBAINCH MEXK Y TPYIIAMU C UCIOb30BaHueM t-kputepusi CThIOZEHTa U OTHOCTOPOHHETO
nucnepcuonHoro anaiausa (ANOVA), a 3HauMMOCTb pa3nuunii paccmaTpuBaiach npu p < 0,05. PacueTsr
npousBogunnck B MS Excel 2016 u SigmaPlot 10.0 (StatSoft, CLLIA).

Pe3yasTaThl 1 X 00cy:KAeHUe. BaxkHeWITUM (PU3HOIOTHIECKUM TIPOIIECCOM PacCTeHUs, HHTHOU-
PYEMBIM TSKEJIBIMU METAJIIAMHU, SIBIISIETCSI POCT PACTSKEHUEM, B YaCTHOCTH, BEChMa YyBCTBUTEIIBHBIM
ABJISIETCS YITTMHEHNE KOPHS. DTO CBS3aHO C TEM, YTO OOJIBIIMHCTBO BBICHIMX PACTEHUH OTHOCSTCS K BU-
JIaM-HCKJTFOUATEISM, I KOTOPBIX XapaKTepHO MPEOTBPAIICHIE BXO/Ia TSIKEIIBIX METAIIJIOB B HAJ[3EM-
HbIe OPTaHbl HA YPOBHE KOPHS (IBJICHHE «KOPHEBOTO Oapbepay), MPUBOISIIEe K HAKOIIJICHUIO MEeTal-
JIOB B 3TOM OpraHe U MoJlaBJICHUI0 ero pocta [13, 26, 27]. B HacTosmeli padore s aHaIM3a BO3/ICH-
CTBHUSI HUKENs Ha pOCT KOpHeH A. thaliana Oblmn HCIIONB30BAaHBI paHee pa3paOOTaHHBIE B HAIIEH
71ab0paTOPUH POCTOBBIE TECTHI B TeJIEBOH Cpefie, OTINYAIONINECs BRICOKOM CTENEHBIO CTaHIapTH3a-
UM YCJIOBHHM M CTaOMIBHOCTHIO NaHHBIX (puc. 1). bplmo moka3aHo, YTO CTAaTUCTHYECKH JOCTOBEP-
HOC MHTHOMPOBAHHME POCTA TJIABHOT'O KOPHS MOJCJIBHBIX pacTeHUd A. thaliana Habnromanocs mpu
0,3 mmonn/1 Ni**, a monymakcuMajnbHOE yrHETEHHE POCTa — MpPH MPUOIM3MTENBHO 2,6 MMOJB/I
(orterKa mpoBoHIack pu oMoy SigmaPlot 10.0). ITpu 0,3 Mmons/n Ni2* uHrHGHpOBaHKE COCTAB-
ssuio 10-12 % (p < 0,001), mpu 0,6 Mmmoub/n — 2025 %, nipu 1 mmons/n — 30—40 %, nipu 2 MMOJIB/T —
45-55 %, npu 3 Mmons/1m — 50—60 % (puc. 1). Jlo6asnenue x Metamny I'uc (nurana-xenaropa NiZ')
B cootHomenuu 1 Ni?* : 2 T'uc 0Ka3bIBaO MPOTEKTOPHOE BIMAHHE, ONOKHPYS TOKCHUECKOE JeHCTBHE
Ni%" Ha pocT riaBHoro kopHs (puc. 1).

WurudupoBanue pocrta, 00HapyKeHHOE B padoTe, YKa3bIBaeT HA TO, YTO UCIIOIb30BAHHBINA KOHIICH-
TpaunoHHbIA nuana3od Hukens (0,3—2 mmons/n NiCl,) BEI3EIBaI yTHETEHHE POCTOBBIX IIPOLIECCOB, T. €.
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Puc. 1. Ddpdext Ni?* n Ni-rHCTHIMHOBEIX KOMIIIEKCOB Ha pocT KopHeit A. thaliana (L.) Heynh. sxotwma Col-0:
a — pororpadun mpopocTKoB A. thaliana, BeipameHHBIX B TedeHHE 10 CyT B KOHTPOJIBHBIX YCIOBHSAX
¥ 1pu 100aBJIeHnH pa3IndHbIX konuenTpauuii NiZ* u Ni-T'uc(IT) (Ni%*, Tuc B coornomenun 1 : 2);
b — IPUPOCT JUTMHBI IIABHOTO KOPHS Ha 5-¢ CyTKH mociie 06paborku pactenuit Ni2 -comepkarumu pactsopamu
X+ S, n=50-60). locToBepHOCTh pa3Inyuuii paccuuThiBajachk npu nomomu recta ANOVA mexy o6paboTkoii NiZ*
u Ni-Tuc(IT): ™" = p < 0,001

Fig. 1. Effect of Ni** and Ni-His(II) treatment on root growth in 4. thaliana (L.) Heynh. ecotype Col-0:
a — typical ten-day-old seedlings grown in control and in media with Ni?* and Ni-His(IT) (Ni?", His in relation of 1 : 2);
b — mean root length increment after five days from the introduction of Ni%* to the medium (X £ SE, n = 50—60).
Statistics: Ni2" and Ni-His(II) treatments were compared using ANOVA: ™ — p < 0.001

MPOSIBIISLI BBIPAKEHHYIO TOKCHYHOCTD, HE BBI3BIBASI TP 3TOM JIeTalbHOTO 3P dekTa. COOTBETCTBEHHO,
JMAHHBIM IUana3oH KOHLEHTpAaIMi OTpa)kaj pa3BUTHE HEIEeTAJIBHOM (CyOieTaiabHON) TOKCHUYHOCTH
1 TOIXOAMII ISl MOJIEKYJISIPHO-T€HEeTHYEeCKOro aHain3a. Kak cieayer u3 pocTOBBIX TECTOB, BBEJICHUE
BMecTe ¢ Ni" amuHOKHCTOTH ['HC CHUKAIO TOKCHYHOCTH JAHHOTO TAkenoro Metamna. CormacHo pa-
Hee MOJTYUYSHHBIM JaHHBIM 3alIMTHOE AeHCTBHE | HC HE MOXKET ObITh OOBSICHEHO TOJIBKO XeJIaTHPOBaHU-
em NiZ', a, BEPOSATHO, CBA3aHO C TIOBBIIIEHUEM PEIOKC-aKTUBHOCTH Ni?" B kommiekce Ni-I' nc(II), obna-
JIAIOIIUM CUTHaAJIbHBIMU CBOMcTBamu [18].

JanpHelmne onbIThl ObUIM HAIPABJIEHB! HA U3YUYCHUE BJINSHUS MIPOTECTUPOBAHHBIX KOHLEHTPALUI
Ni?" 1 Ni-I'mc(I1) Ha 3KCIIpeccHIo TeHOB CTpeccoBoro oTBeTa (puc. 2, 3). Kak yxke ykaspBanoch paHee,
B pa0oTe aHaJIM3UPOBAIACH IKCIIPECCHS TPYIIIBI F'€HOB, KOJXUPYIOUIUX OCIKH, aCCOIUUPOBAHHbBIE C OT-
BETOM pacTeHHsI Ha abuoTnyeckue crpecc-PpakTopsl (Tadnuna). Kak cieayer u3 JaHHBIX, IPUBEICHHBIX
Ha puc. 2, ¢ pocToM KoHneHTpanuu Ni?* HaGm01a70Cch MHOTOKPATHOE BO3PACTAHUE OTHOCHTENBHOM
SKCIIPECCUM TeHOB TIyTaTHoHpenykTassl (GRI), HA JI®H-okcunasel (RBOHC), Ca**-3aBucumoii mpo-
TennkuHasbl 6 (CPK6), karanassl 2 (CAT2) u K -xanana, onocpenyromero Beixon K™ U3 pacTuTenbHbIX
knetok (GORKI). TIpu pocTe pacTeHuii Ha cpene ¢ 2 MMoit/m Ni2* conepskanue Tpanckpuntos RBOHC,
GRI1, CPK6, CAT2 u GORK yBennuuBanock B 5,9; 5,0; 3,0; 2,8 u 2,2 pa3a coorBeTcTBEeHHO. B cityuae
renoB mou(A JId-pubo3a)-monmumepassl (PARPI), muknuHa B2 (CYCB2) nu Cu/Zn-cynepoKCHAIUCMY-
Ta3s1 (CSD2) ypoBeHb TPAHCKPHUIITOB MOBHITIAJICS IPU HU3KHX KOHNEHTparumsx NiZ* u cHmxancs Ha GpoHe
BBICOKMX yPOBHEH TaHHOTO MeTajuta. MakcumanbHoe yBenudenue sxcnpeccun CYCB2 u CSD2 6b110 0T-
meueno npu 0,6 Mvons/1 Ni?* (o cpaBHeHHIO ¢ KOHTponeM Ha 69 u 144 % cooTBeTcTBeHHO), a PARPI —
npu 1 mvons/1 Ni%* (o cpaBHenuio ¢ kouTposeM Ha 94 %). Ha done 2 Mmons/1 Ni2™ skenipeccust CSD2
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Puc. 2. I3MeHeHne 0OTHOCUTENBHOTO costeprkanust TpaHCcKpunToB CAT2, CPK6, CSD2, CYCB2, GORKI, GRI, PARPI,
RBOHC B xopHsx A. thaliana ipu pocTe pacTeHHi Ha cpenax ¢ nobasiernem 0,3—2 Mmons/1 Ni2* B Tedenne 5 cyT.
3HavyeHust ObUTH HOpMau30BaHkI 1o pedepercHbM reHaM ACT2 u SAND 1 cOOTHECEHBI K KOHTPOJIBHOMY YPOBHIO

X£S;n=5-6)

Fig. 2. Changes in the transcript levels of CAT2, CPK6, CSD2, CYCB2, GORKI, GR1, PARPI, RBOHC
in A. thaliana roots grown on media containing 0.3—2 mM Ni?" during 5 days. The expression levels were normalized
by reference house-keeping genes ACT2 and SAND and related to control (X = SE; n = 5-6)

u PARPI 6vina mumns Ha 20 % BeIIe KOHTPOIIS, a B cirydae ¢ CYCB2 ypoBeHb dKCIIPECCHH TTPH JTaHHON
xonnenTpamuu Ni>* camskancs Ha 70 % 1o CpaBHEHHIO CO 3HAYEHUAMH B KOHTPOJIBHBIX YCIOBHSAX (pHC. 2).

B otnenbHO# rpyriiie onbITOB ObLIO POBEICHO CPABHUTEILHOE HCCICAOBaHIE BO3IEUCTBUS | MMOIIB/I
Ni%" u cmecu, comepsxameii 1 Mmvons/1 Ni2* u 2 Mmons/1 Tuc (puc. 3). Kak yxe oTmedanock, I'uc — xe-
natop Ni*, GHocHHTe3 KOTOPOro yBEIMYHBAETCS KAK Y OOBIYHBIX, TaK U Ni-TONEpaHTHBIX BUJIOB, T10-
BbIIIAsl UX YCTOMYMBOCTH K AaHHOMY cTpeccopy [28, 29]. CuuTaercs, 4TO NPOTEKTOPHOE ACUCTBUE
T'uc passuBaeTcs Gnaromaps ces3siBanmio Ni¥, a Takxke axtuBannn ADK- u Ca*-curHanbHEIX myTeif,
3aIyCKAOIMUX alalTHBHEIC mpotieccH [18]. [IpoBemenHbIe B paboTe TECTH OKa3alH, 9To I 'uc mpemaor-
Bpamai Ni'-HHIyIupoBaHHYI0 SKCIPECCHIO TEHOB, BOBIeYeHHbIX B ADK-MeTabomu3m, HOHHEIH Ga-
JNaHC, PETyNAUIO KIeTouHoro neienns u Ca’" curnanusanuio pactenuit (puc. 3). TIpu 1 mmons/1 Ni2*
ypoBeHsb dkcnpeccuut GORKI, RBOHC, GRI, CAT2, CSD2, PARPI, CYCB2, CPK6 Bo3pactan B 1,6; 8,3;
4,3; 2,1; 1,6; 1,6; 1,1 u 2,9 paza o cpaBHEHHIO C KOHTPOJIEM, a TIPH COBMECTHON 00paboTke 1 MMOIIB/I
Ni2" 1 2 mmons/n T'uc 3HaYCHUS W3MEHEHUI sKcIpeccun cHkanuch 1o 1,15 1,5; 1,4; 1,5; 1,3; 1,2; 1,5
u 1,2 pa3a cooTBeTCTBEHHO (puc. 3). DKCIpeccus ocTaBajiach MOBHIIIEHHOM, T. €. a/IalITHBHBIC ABJICHNUS,
BEPOSATHO, 3aIyCKAJIICh, HO €€ YPOBEHb OBLT HU3KE, 4eM MPH Bo3eiicTBIH oHoro mumb Ni2™, DTo, cKo-
pee Bcero, MoAAepKMBajio aHAOOJIMYECKHE U POCTOBBIE MTPOLIECCHl HA BHICOKOM YPOBHE, TaK KakK I10OJaB-
nenus pocta npu nobapnennu I'uc k Ni?* me Habmroganocs (puc. 1). HanGombliree CHIKEHHE SKCIPECCHH
Ni-HHAYTUPYEMBIX T€HOB B IpUCYTCTBUH [ mic Ob1s10 oT™Meueno mis RBOHC, GRI, CPK6 u GORKI —
Ha 82, 69, 58 u 27 % cooTBeTcTBEeHHO. MI3BECTHO, UTO IaHHBIE CUCTEMBI MOTYT OBITh HETIOCPE/ICTBEHHO
BoBiieueHbl B ADK-3aBuCHMBIN cTpeccoBblil oTBeT BhiciNX pacTeHuit [30]. RBOHC sBnsercs kitode-
BbIM (pepmeHTOM cuHTe3a ADK B amomnacre u pejoKC-3aBUCUMOI0 SKCIIAHCUBHOTO POCTa KJIETOK pac-
teHuii [31]. Panee ObLT MOKa3aHo, 9TO HOKAYTHEIE pacTeHus, dulieHHbie RBOHC, 001anarT ycToW4IHU-
BOCTBIO K BBICOKUM YypoOBHsIM Hukens [18]. Takum oOpa3om, uzdsiTounas nponykius AGK RBOHC
MOJKET JIe)KaTh B OCHOBE TOKCUYHOCTH BBICOKHX YPOBHEW HUKENS JUJIs BBICIIMX pacTeHUil. IOHHBIN Ka-
Han GORKI, ypoBeHb skcipeccnn KOTOPOTO TaK)Ke BO3pacTall MPH BO3IEHCTBUN M30BITKA HUKEIS, OT-
BETCTBEHEH 3a BbIX0 K™ M3 pacTUTENBHBIX KIETOK M 3a MeTabonuueckue K -3aBucrMble NepecTpoiKu
B HopMe u Tpu ctpecce [32]. CPK6 yuacTtByer B Ca’*-3aBHCHMOIl epeaade CUTHATIOB OT aGCIIH30BOM
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Puc. 3. I3MeHeHUs1 OTHOCHTEIIBHOTO COJIeP)KaHUs TPAHCKPHUIITOB T€HOB B KOPHSIX A. thaliana, BEIpallieHHBIX
Ha cpesie ¢ nobasierneM 1 Mmvonb/n NiZ* u emecn 1 Mmons/n Ni2* u 2 mmon/n Inc.
YpoBHU 3KcIIpeccuy ObUIN HOpMaN30BaHHI 110 pedepeHcHbIM reHaM ACT2 u SAND u cOOTHECCHBI
K KOHTpOIIo (X' £ 8,7 n = 5-6). JIocTOBEpHOCTH pa3auumii pacCunThIBatack npu nomomu recrta ANOVA
Mexy obpaborkoit NiZ* u Ni-Tuc(I): * — p < 0,050; ™ — p < 0,01

Fig. 3. Changes in transcript levels in A. thaliana roots grown on the medium, containing 1 mM NiZ*
and 1 mM Ni%*, 2 mM His. The expression levels were normalized by reference genes ACT2 and SAND
and related to control (X + SE; n = 5-6). Statistics: Ni>* and Ni-His(II) treatments
were compared using ANOVA: “—p <0.05, ™ —p <0.01

KHUCJIOTHI, )KACMOHATA M ITPAMOH perynsunu K -xananos BayTpennero seimpsamuenns KAT2 [33], oGec-
MeYrBasi B3aUMOCBSI3b TOPMOHAIIBHBIX, KJIHEBbIX, META0OIMYECKUX U KaJIbIIUEBBIX MyTEeH CUTHAIN3a-
nuu. GR1 nogaep:xuBaeT ypoBeHb KJIIOUEBOI'O AHTHOKCHJAHTA KJIETOK PACTEHUH — BOCCTAHOBJICHHOT'O
[JIyTaTHOHA, BOBJIEKASICh MPAKTHYECKH BO BCE SABJIEHUS KJIETOYHON PEAOKC-PEryIISAIUN U pernapalnio
IIpU OKUCIUTEIBHOM NMOBpexieHuu [34]. HecomMHeHHO, UTO 3a CUET CHUKEHMS SKCIIPECCUU JJAHHBIX I'e-
HOB OnocuHTe3 I'uc Moxet cnocodcTBoBaTh Oojiee apdexkTuBHOMY nopaepaxannio ADK- u moHHoro
OannaHca B KOMIAPTMEHTAX PACTUTEIbHON KICTKH.

Jlo6aBnenue T'uc He Bo Beex ciydasx MHrHOMpoBano NiZ'-mHIyLHpyeMylo SKCIPECCHIO TeHOB
(puc. 2). Insa CYCB2 6b110 0TMeueHO yBenudeHue sxcripeccun Ha 30-35 % 1no cpaBHeHHIO ¢ 00paboT-
xoit Ni2" 6e3 I'c (puc. 2). Lluxaunsl B-Tuma, Kak OpaBuIio, KOHTPOJIUPYIOT epexon oT dassl G2 k dase
M KJIETOYHOTO LIMKJIA, & TAK)KE YYACTBYIOT B MUTO3€, BIMsIS HAa NPONH(EepaTuBHYIO aKTUBHOCTH KJle-
ToK [35]. Panee oTMeuanocs, 4To nossieHHas dkcrpeccus CYCB2 B MepucTEMe KOPHEN BBICIIMX pacTe-
HUH MOXKET IPUBOAUTH K YCKOPEHHUIO pOCTa KOpHEH 0e3 yBeJIMUeHHsI pa3Mepa KIETOK, T. €. B pe3yJsibra-
Te moBbIIeHHOH Tponudepannu [35]. COOTBETCTBEHHO, BBeJAeHUE | UC, BEPOSITHO, CTUMYJIHUPOBAIIO
JeJICHUE KJICTOK KOPHS M OMHOBPEMEHHO OCNIa0IsuIo UX PACTSHKEHHUE BCIICACTBUE MOAABICHUS MHAYKIUH
RBOHC. Takasi peakiusi MOKET CIIOCOOCTBOBATH JaTepaIbHOMY POCTY KOPHS U KOHTPOIIO €T0 yIITH-
HeHMsl, o0ecrieunBasi ObICTPOE BOCCTAHOBJICHHE HMOBPEXKICHHBIX KJIETOK M (JOPMUPOBAHHUE 3AIIMTHBIX
TKaHEH.

[IpoBeneHHBIE ONBITHI IOKA3aJIM, YTO CPEIU NPOTECTUPOBAHHBIX I'€HOB 110 YPOBHIO SKCIIPECCUH HaU-
Gonee uyBcTBHTENbHEIMU K Ni%* sBisimics RBOHC u GRI. BhINoTHEHHbIE paHee UCCIIEeI0BaHMS MOKa-
3aJI1, YTO PACTEHUSA-HOKAYThl, TuieHHble RBOHC, NeMOHCTPUPYIOT CHUKEHUE HAKOIIJICHUsI HEICCEH-
[HATBHBIX TSHKETBIX METAJIJIOB, @ TAK)KE€ METAJIJIOB, OTHOCAIINXCS K MaKpo- ¥ MHKpO3JIeMeHTaM [36].
Yrpara pynknuonanbaeix RBOH C, D u F 6p11a ciocobna MonuduInpoBaTh TPAHCKPHUIIITHIO TIepe-
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HOCUMKOB TskelbIX MeTajnoB NRAMP3, NRAMP6 u IRTI, a raxxe K -kananos GORK [36]. D10
yKa3blBaeT Ha TO, uTo Bo3xeiicTBue Ha RBOHC MoxeT SBASATHCS AETEPMUHHUPYIOMUM (PaKTOpOM Kak
JU1s1 TOKCUYHOCTH HUKEIS, TaK U JJIsI aJalTallMK K BRICOKUM YPOBHSIM 3TOT0 METAJLIa B Cpefie. DKCIpeccus
GRI — Mapkep OKHCIUTENIBHOIO CTPECCA, BEI3BIBAEMOI'0 HEKOTOPBIMH TSKEIBIMH METAJIJIAMU, a TaKKe
M3MEHEHHs 00IIero 0aaHca MeXIy IPOM3BEICHHBIMU U ieTokcuitmpoBanHbIME ADK B kieTke [37, 38].
Cunraercs, yto aktuBanusi GR1 mpu crpecce, BBI3BIBAEMOM TSKEJIBIMH METAJIIaMH, MOXKET OBITH
00ycioBJIeHa HEOOXOANMOCTBIO YCUIIEHHOT'O CHHTE3a MPOTEKTOPHBIX MOJIEKYJI-XEJIaTOPOB, TAKUX Kak
Y-TIYy TAMWIIIICTEHH U (DUTOXENATUHBI, U3 BOCCTAHOBIIEHHOTO TiryTaThuoHa [39, 40]. B npencraBnenHoM
paboTe BHEpBbIE MOKa3aHo, 4YTO 3Kcnpeccuss GRI Bo3pacTaeT Ipy HUKEJIEBOM CTpeEcce, yKa3blBas Ha To,
YTO JAHHOE CTPECCOBOE BO3AEHCTBUE HHAYLUPYET CXOKHE C IPYTUMH TSKEJIBIMU METAJIaMU U OKHC-
JINTEJISIMU CBOMCTBA.

3akuouenue. [Ipobnema 3arpsi3HEHN S HUKEIEM MIOYB M TOKCUYECKOTO BJIMSIHHS 3TOTO METajla Ha
pacTeHus OTIMYAETCs BRICOKOM aKTyaJbHOCTBIO. Ha 1aHHOM 3Tare BakHO NOHUMaHHUE PEaKLUMi pacTe-
HUS Ha N30BITOK HUKEJIS Ha KJICTOYHOM M MOJICKYJISIpPHOM ypoBHE. B HacTosmel paboTe moka3aHo, 94To
cy6neTanbHble TOKCHUYECKHe KOHIeHTpauy Ni’" BIHAIOT Ha SKCIIPECCHIO KITIOUEBBIX TEHOB, BOBIEUYEH-
HBIX B ADK-MeTabomu3M, mojiiepkanue HoHHOro Gananca, Ca?’-curnanusanuu, peryasiuu KIeTou-
HOro 1ukJa u nposngepaunn. OOHapy’K€HO MHOI'OKPaTHOE BO3PACTaHUE OTHOCHUTEIBHON 3KCIPECCUH
redoB GRI, RBOHC, CPK6, CAT2 u GORKI na ¢one 0,3—2 MMOJIb/I Ni*". B cinydae reHoB PARPI,
CYCB2 u CSD2 ypoBeHb TPaHCKPUIITOB TMOBBIIIAJCS MPU HU3KUX U CHUXKAJCA MPHU BBICOKMX YPOBHX
Ni", uTo yKa3bIBaeT Ha OTJIMYHE B CTPATETHAX AJANTAIIMK TEHETHUECKOH IKCIPECCHH Ha (hOHE Pa3HBIX
110 ToKcHuHOCTH ypoBHeil Ni>* B cpene. BrepBble IpoieMOCHTPHPOBAHO, uTO g00aBiIeHue I'uc coB-
mectHO ¢ Ni* mpeorpamaer Ni* -uHIyIEpyeMble IepecTPOKH IKCIIPECCHH TeHOB CTPECCOBOTO OT-
BeTa. Hanbosnee uyBCcTBUTENBHON K pUCyTCTBUIO ['Hc Oblna sxcnipeccust renoB RBOHC, GRI n CPKG6.
Cnenano npenmnonoxenne, 4To 3gpdext ['mc crmocodcTBoBYyeT Oosnee 3 (heKTHBHON HACTPOIKe ajanTa-
IIMOHHBIX MPOIIECCOB M BHICBOOOKICHUIO SHEPTHH, ITO3BOJISIONIEH BOCCTAHOBUTE POCT M Pa3BUTHE pac-
TUTEJIBHOI'O OpraHu3Ma.

Kondaukt naTepecoB. ABTOPHI 3asBISIOT 00 OTCYTCTBUU KOH(PINKTAa HHTEPECOB.

Baaropapuoctu. PaboTa Oblila BEITIOTHEHA B paMKax
3agannit BPODOU (Noe B25KU-086 «YcraHOBICHHE Mexa-
HU3MOB CHU)KECHUS TOKCUYHOCTHU TSXKEJIbIX METAJIJIOB B BbIC-
IIMX PACTEHUSX IOJ JECHCTBUEM KBAHTOBBIX TOYEK, COACP-
JKaIMX MUKpodsieMeHTh (coBMecTHO ¢ KHP) u b24-060-1
«Ponp TpancmopTepoB Manara B yCTOIHUHUBOCTH BBICHINX pac-
TEHHH K BBICOKUM YPOBHSIM TSDKEIIBIX METAJIJIOB M aJIIOMH-
uus B cpene»); ['TIHU «VccnenoBanne MeMOpaHHBIX MeXa-
HU3MOB MOIM(HKAIIMH POCTOBBIX, CUTHAIBHBIX U TpPaHC-
MOPTHBIX ITPOLIECCOB B KJIETKAX KOPHS IIPU B3aUMOJCHCTBUU
BBICIIUX PACTEHUH C PEOKC-aKTUBHBIMH TSKENIBIMU METall-
nmamm» (Ne rocpeructpanun 20241163); moamporpammsr « Mo-
JIEKyJISPHBIC ¥ KJIICTOUHBIE OMOTEXHOJIOTHH-2) TOCYAAPCTBEH-
HOM IPOrpaMMBbl Hay YHBIX UCCIIEI0BAHUN « BHOTEXHOIOTHU-2)
Ha 2021-2025 rr., a taxxke rpanTta EBponelickoro Corosa
«Apantanus pacTeHUH K TSXKEJIBIM MeTajulaM U PajHoaK-
TuBHOMY 3arpssHeHHo» (PIRSES-GA-2013-612587).

Acknowledgements. This work was supported by pro-
jects of the BRFFR (No. B25KI-086 “Establishment of me-
chanisms for reducing the toxicity of heavy metals in higher
plants under the influence of quantum dots containing tra-
ce elements” (joint with China) and B24-060-1 “The role
of malate transporters in the resistance of higher plants to
high levels of heavy metals and aluminum in the environ-
ment”), and also supported by the State Scientific Research
Institute “Study of membrane mechanisms of modification
of growth, signaling and transport processes in root cells
during interaction of higher plants with redox-active heavy
metals” (state registration No. 20241163), subprogram “Mole-
cular and Cellular Biotechnologies 2” of the state research
program “Biotechnologies 2” for 2021-2025. This work was also
supported by the grant EU PIRSES-GA-2013-612587 (“Plant
DNA tolerance — Plant adaptation to heavy metal and radio-
active pollution”).

CNHCOK MCNOJIb30BAHHBIX HCTOYHHKOB

1. Bergmann, W. Nutritional Disorders of Plants: Development, Visual and Analytical Diagnosis / W. Bergman. —

Stuttgart: Gustav Fischer Verlag, 1992. — 741 p.

2. Nagajyoti, P. C. Heavy metals, occurrence and toxicity for plants: a review / P. C. Nagajyoti, K. D. Lee,
T. V. M. Sreekanth / Environmental Chemistry Letters. —2010. — Vol. 8, N 3. — P. 199-216. https://doi.org/10.1007/s10311-010-0297-8
3. Barker, A. V. Handbook of Plant Nutrition / A. V. Barker, D. J. Pilbeam. — 2" ed. — Boca Raton: CRC Press, 2015. —

773 p.

4. Nickel; whether toxic or essential for plants and environment — A review / B. Shahzad, M. Tanveer, A. Rehman [et al.] /
Plant Physiology and Biochemistry. — 2018. — Vol. 132. — P. 641-651. https://doi.org/10.1016/j.plaphy.2018.10.014



312 Proceedings of the National Academy of Sciences of Belarus. Biological series, 2025, vol. 70, no. 4, pp. 304-315

5. Dalir, N. Root uptake and translocation of nickel in wheat as affected by histidine / N. Dalir, A. H. Khoshgoftarmanesh //
Journal of Plant Physiology. — 2015. — Vol. 184. — P. 8—14. https://doi.org/10.1016/j.jplph.2015.05.017

6. Mankesny, B. C. MexaHn3m TpaHCMEMOpaHHOTO ¥ JaJIGHETO TPAHCIIOPTA HUKeNs B BEICIIMX pacTeHusx / B. C. Mar-
keBud, B. B. Jlemununk / DxcriepumenTaitbHas Ouosorus n 6norexuosorus. — 2023. — Ne 2. — C. 4-29.

7. Welch, R. M. Breeding for micronutrients in staple food crops from a human nutrition perspective / R. M. Welch,
R. D. Graham // Journal of Experimental Botany. — 2004. — Vol. 55, N 396. — P. 353-364. https://doi.org/10.1093/jxb/erh064

8. CocrosiHue mpupoaHoii cpenbl benapycu: skonoruu. 6ron. / E. U. I'pomanckas, /1. B. Llyonenok, M. B. Boneiiko
[1 np.]; mox o6m. pex. E. U. I'pomanckoit. — Mu.: PYIT « THUUKHWBP», 2024. — 196 c.

9. CocTosiHue npupoHoi cpenbl benapycu: sxon. 6roi. 2013 1. / mox pen. B. @. JloruroBa. — MH.: UH-T ipupoa0noib30-
Banus Hau. akan. nayk benapycu, 2014. — 361 c.

10. Tonxau, I B. Comepxanne XMMHUYECKHX DJIEMEHTOB B II0YBAX HA TEPPUTOPHH (PEepPMEPCKUX (KPECTBIHCKHUX) XO-
3stiicTB Bpectckoro paitona / I B. Tonkau, C. C. [To3usik / Dxonorndecknit BecTHUK. — 2015. — Ne 3. — C. 79-88.

11. Cocrostaue npupoHoil cpensl benapycu: sxom. 6101 / E. . I'pomanckas, [1. B. Lly6mnenok, M. B. Boneiixo [u np.];
o oour. pexn. E. U. 'pomaackoii. — Mu.: THUUKHWBP, 2023. — 151 c.

12. HaunoHanbHasi CHCTEMa MOHUTOpPHHTA OKpy»Karomied cpenbl B PecrryOnuke Benapych: pesynbraTel HaOIIONeHUH,
2021 roxn / mox obur. pea. M. U. JlemyToBoii. — MH.: Pecti. ieHTp 10 THAPOMETEOPOIOTHH, KOHTPOIIO PAIHOAKTHB. 3arpsI3He-
HUS 1 MOHUTOPUHTY OKpy2karouei cpenst, 2022. — 556 c.

13. Marschner, H. Mineral Nutrition of Higher Plants. / H. Marschner; ed. P. Marschner. — 3" ed. — London: Academic
Press, 2012. — 684 p.

14. Alfalahi, A. O. Nanonutrients: Plant Nutritive and Possible Antioxidant Regulators / A. O. Alfalahi, F. W. Abdulqahar //
Nanobiotechnology / eds.: J. M. Al-Khayri, M. I. Ansari, A. K. Singh. — Cham, 2021. — Ch. 21. — P. 471-498. https://doi.
org/10.1007/978-3-030-73606-4 21

15. Hanikenne, M. Metal hyperaccumulation and hypertolerance: a model for plant evolutionary genomics / M. Hani-
kenne, C. Nouet // Current Opinion in Plant Biology. — 2011. — Vol. 14, N 3. — P. 252-259. https://doi.org/10.1016/j.pbi.2011.04.003

16. Nickel in Soils and Plants / eds.: C. Tsadilas, J. Rinklebe, M. Selim. — Boca Raton: CRC Press, 2018. — 432 p.

17. MurubupoBanne poCTOBBIX IPOLIECCOB M MHAYKIHUS 3alIPOrpaMMHUPOBAHHON KJIeTOYHOIt rubenn B kopHe Helianthus
annuus L. oj 1eiicTBUEM HOHOB HUKEI S M HUKEIb-TUCTUAMHOBBIX KoMILIekcoB / B. C. Mankesuu, A. A. Hlukep, C. H. 3Bo-
Hapes [u 1p.] / Kypnan Benopycckoro rocyrapctBenHoro ynusepcurera. buonorus. — 2020, — Ne 1. — C. 11-19.

18. L-histidine makes Ni>" “visible’ for plant signalling systems: Shading the light on Ni**-induced Ca®" and redox signal-
ling in plants / V. Mackievic, Y. Li, P. Hryvusevich [et al.] / Plant Physiology and Biochemistry. — 2025. — Vol. 220. —
Art. 109227. https://doi.org/10.1016/j.plaphy.2024.109227

19. Physiological, biochemical and transcriptomic responses of Medicago sativa to nickel exposure / S. Helaoui, I. Boug-
hattas, S. Hattab [et al.] / Chemosphere. — 2020. — Vol. 249. — Art. 126121. https://doi.org/10.1016/j.chemosphere.2020.126121

20. Transient influx of nickel in root mitochondria modulates organic acid and reactive oxygen species production in
nickel hyperaccumulator Alyssum murale / B. Agrawal, K. J. Czymmek, D. L. Sparks, H. P. Bais / Journal of Biological
Chemistry. — 2013. — Vol. 288, N 10. — P. 7351-7362. https://doi.org/10.1074/jbc.m112.406645

21. Yemets, A. Cadmium, nickel, copper, and zinc influence on microfilament organization in Arabidopsis root cells / A.
Yemets, 1. Horiunova, Y. Blume // Cell Biology International. — 2021. — Vol. 45, N 1. — P. 211-226. https://doi.org/10.1002/
cbin.11485

22. Nickel Toxicity Targets Cell Wall-Related Processes and PIN2-Mediated Auxin Transport to Inhibit Root Elongation
and Gravitropic Responses in Arabidopsis /| A. Leskova, M. Zvarik, T. Araya, R. F. H. Giehl // Plant Cell Physiology. — 2020. —
Vol. 61, N 3. — P. 519-535. https://doi.org/10.1093/pcp/pcz217

23. Genome-wide identification and testing of superior reference genes for transcript normalization in Arabidopsis /
T. Czechowski, M. Stitt, T. Altmann [et al.] / Plant Physiology. — 2005. — Vol. 139, N 1. — P. 5-17. https://doi.org/10.1104/
pp.105.063743

24. The combined effect of uranium and gamma radiation on biological responses and oxidative stress induced
in Arabidopsis thaliana / N. Vanhoudt, H. Vandenhove, N. Horemans [et al.] / Journal of Environmental Radioactivity. — 2010. —
Vol. 101, N 11. — P. 923-930. https://doi.org/10.1016/j.jenvrad.2010.06.008

25. Differential innate immune signalling via Ca* sensor protein kinases / M. Boudsocq, M. R. Willmann, M. McCormack
[et al.] // Nature. — 2010. — Vol. 464, N 7287. — P. 418—422. https://doi.org/10.1038/nature08794

26. Seregin, 1. V. Physiological role of nickel and its toxic effects on higher plants / I. V. Seregin, A. D. Kozhevnikova //
Russian Journal of Plant Physiology. — 2006. — Vol. 53, N 2. — P. 257-277. https://doi.org/10.1134/51021443706020178

27. A Comprehensive Review on the Heavy Metal Toxicity and Sequestration in Plants / R. Riyazuddin, N. Nisha, B. Ejaz
[et al.] // Biomolecules. — 2022. — Vol. 12, N 1. — Art. 43. https://doi.org/10.3390/biom12010043

28. Histidine as a metal chelator in plants that accumulate nickel / U. Krédmer, J. D. Cotter-Howells, J. M. Charnock [et al.] /
Nature. — 1996. — Vol. 379, N 6566. — P. 635—-638. https://doi.org/10.1038/379635a0

29. Constitutively High Expression of the Histidine Biosynthetic Pathway Contributes to Nickel Tolerance in Hyperac-
cumulator Plants / R. A. Ingle, S. T. Mugford, J. D. Rees [et al.] // Plant Cell. — 2005. — Vol. 17, N 7. — P. 2089-2106. https://doi.
org/10.1105/tpc.104.030577

30. Demidchik, V. Mechanisms of oxidative stress in plants: From classical chemistry to cell biology / V. Demidchik //
Environmental and Experimental Botany. — 2015. — Vol. 109. — P. 212-228. https://doi.org/10.1016/j.envexpbot.2014.06.021



Becni Haupsnanshaii akagamii HaByk benmapyci. Cepsist Oismarigabix HaByk. 2025. T. 70, Ne 4. C. 304-315 313

31. Reactive oxygen species produced by NADPH oxidase regulate plant cell growth / J. Foreman, V. Demidchik,
J. H. F. Bothwell [et al.] / Nature. — 2003. — Vol. 422, N 6930. — P. 442—446. https://doi.org/10.1038/nature01485

32. Stress-induced electrolyte leakage: the role of K'-permeable channels and involvement in programmed cell death
and metabolic adjustment / V. Demidchik, D. Straltsova, S. S. Medvedev [et al.] / Journal of Experimental Botany. — 2014. —
Vol. 65, N 5. — P. 1259-1270. https://doi.org/10.1093/jxb/eru004

33. Arabidopsis calcium-dependent protein kinase CPK6 regulates drought tolerance under high nitrogen by the pho-
sphorylation of NRT1.1 / Q. Ma, Ch. Zhao, Sh. Hu, K. Zuo // Journal of Experimental Botany. — Vol. 74, N 18. — P. 5682—-5693.
https://doi.org/10.1093/jxb/erad277

34. Evidence of a significant role of glutathione reductase in the sulfur assimilation pathway / A. Cohen, Y. Hacham,
Y. Welfe [et al.] / The Plant Journal. — 2020. — Vol. 102, N 2. — P. 246-261. https://doi.org/10.1111/tp;j.14621

35. Cell cycle function of a rice B2-type cyclin interacting with a B-type cyclin-dependent kinase / J. Lee, A. Das,
M. Yamaguchi [et al.] / The Plant Journal. — 2003. — Vol. 34, N 4. — P. 417-425. https://doi.org/10.1046/j.1365-313x.
2003.01736.x

36. The role of NADPH oxidases in regulating leaf gas exchange and ion homeostasis in Arabidopsis plants under
cadmium stress / C. Hafsi, A. M. Collado-Arenal, H. Wang [et al.] // Journal of Hazardous Materials. — 2022. — Vol. 429. —
Art. 128217. https://doi.org/10.1016/j jhazmat.2022.128217

37. Glutathione Is a Key Player in Metal-Induced Oxidative Stress Defenses / M. Jozefczak, T. Remans, J. Vangronsveld,
A. Cuypers // International Journal of Molecular Sciences. — 2012. — Vol. 13, N 3. — P. 3145-3175. https://doi.org/10.3390/
ijms13033145

38. Arabidopsis GLUTATHIONE REDUCTASEL! Plays a Crucial Role in Leaf Responses to Intracellular Hydrogen
Peroxide and in Ensuring Appropriate Gene Expression through Both Salicylic Acid and Jasmonic Acid Signaling Pathways /
A. Mhamdi, J. Hager, S. Chaouch [et al.] // Plant Physiology. — 2010. — Vol. 153, N 3. — P. 1144-1160. https://doi.org/10.1104/
pp.110.153767

39. Grill, E. Phytochelatins: The Principal Heavy-Metal Complexing Peptides of Higher Plants / E. Grill, E.-L. Winnacker,
M. H. Zenk // Science. — 1985. — Vol. 230, N 4726. — P. 674—676. https://doi.org/10.1126/science.230.4726.674

40. Chen, J. Characterization of phytochelatin synthase from tomato / J. Chen, J. Zhou, P. B. Goldsbrough // Physiologia
Plantarum. — 1997. — Vol. 101, N 1. — P. 165-172. https://doi.org/10.1111/1.1399-3054.1997.tb01833.x

References

1. Bergmann W. Nutritional Disorders of Plants: Development, Visual and Analytical Diagnosis. Stuttgart, Gustav
Fischer Verlag, 1992. 741 p.

2. Nagajyoti P. C., Lee K. D., Sreekanth T. V. M. Heavy metals, occurrence and toxicity for plants: a review. Environmental
Chemistry Letters, 2010, vol. 8, no. 3, pp. 199-216. http://doi.org/10.1007/s10311-010-0297-8

3. Barker A. V., Pilbeam D. J. Handbook of Plant Nutrition. 2" ed. Boca Raton, CRC Press, 2015. 773 p.

4. Shahzad B., Tanveer M., Rehman A., Cheema S. A., Fahad S., Rehman S., Sharma A. Nickel; whether toxic or essential
for plants and environment — A review. Plant Physiology and Biochemistry, 2018, vol. 132, pp. 641-651. https://doi.
org/10.1016/j.plaphy.2018.10.014

5. Dalir N., Khoshgoftarmanesh A. H. Root uptake and translocation of nickel in wheat as affected by histidine. Journal
of Plant Physiology, 2015, vol. 184, pp. 8—14. https://doi.org/10.1016/j.jplph.2015.05.017

6. Matskevich V. S., Demidchik V. V. Mechanism of transmembrane and long-distance transport of nickel in higher
plants. Eksperimental naya biologiya i biotekhnologiya [Experimental Biology and Biotechnology], 2023, no. 2, pp. 4-29
(in Russian).

7. Welch R. M., Graham R. D. Breeding for micronutrients in staple food crops from a human nutrition perspective.
Journal of Experimental Botany, 2004, vol. 55, no. 396, pp. 353-364. https://doi.org/10.1093/jxb/erh064

8. Gromadskaya E. 1., Tsublenok D. V., Vodeiko M. V., Buko I. Yu., Khomich V. S., Zhivnach S. G., Struk M. 1. State
of the natural environment of Belarus: ecological bulletin. Minsk, RUE “TsNIIKIVR”, 2024. 196 p. (in Russian).

9. Loginov V. F. (ed.). State of the natural environment of Belarus: ecological bulletin. 2013. Minsk, Institute of Nature
Management of the National Academy of Sciences of Belarus, 2014. 361 p. (in Russian).

10. Tolkach G. V., Poznyak S. S. Contents of chemical elements in soil in the farms of Brest region. Ekologicheskii
vestnik [Ecological Bulletin], 2015, no. 3, pp. 7988 (in Russian).

11. Gromadskaya E. 1., Tsublenok D. V., Vodeiko M. V., Khomich V. S., Zhivnach S. G., Struk M. 1. State of the natural
environment of Belarus: ecological bulletin. Minsk, Central research institute for integrated use of water resources, 2023.
151 p. (in Russian).

12. Lemutova M. L. (ed.). National environmental monitoring system in the Republic of Belarus: observation results,
2021. Minsk, Belhydromet, 2022. 556 p. (in Russian).

13. Marschner H. Mineral nutrition of higher plants. 3" ed. London, Academic Press, 2012. 684 p.

14. Alfalahi A. O., Abdulqahar F. W. Nanonutrients: Plant Nutritive and Possible Antioxidant Regulators. Nanobio-
technology, Cham, 2021, ch. 21, pp. 471-498. https://doi.org/10.1007/978-3-030-73606-4_21

15. Hanikenne M., Nouet C. Metal hyperaccumulation and hypertolerance: a model for plant evolutionary genomics.
Current Opinion in Plant Biology, 2011, vol. 14, no. 3, pp. 252-259. https://doi.org/10.1016/j.pbi.2011.04.003

16. Tsadilas C., Rinklebe J., Selim M. (eds.). Nickel in Soils and Plants. Boca Raton, CRC Press, 2018. 432 p. https://doi.
org/10.1201/9781315154664



314 Proceedings of the National Academy of Sciences of Belarus. Biological series, 2025, vol. 70, no. 4, pp. 304-315

17. Matskevich V. S., Shiker A. A., Zvonarev S. N., Litskevich K. S., Turovets O. A., Smolich, I. 1., Sokolik A. 1.,
Demidchik V. V. Growth inhibition and induction of programmed cell death in the root of Helianthus annuus L. triggered by
nickel ions and nickel-histidine complexes. Zhurnal Belorusskogo gosudarstvennogo universiteta. Biologiya [Journal of the
Belarusian State University. Biology], 2020, no. 1, pp. 11-19 (in Russian).

18. Mackievic V., Li Y., Hryvusevich P., Svistunenko D., Seregin 1., Kozhevnikova A., Kartashov A. [et al.]. L-histidine
makes Ni2" “visible’ for plant signalling systems: Shading the light on Ni?>*-induced Ca?* and redox signalling in plants. Plant
Physiology and Biochemistry, 2025, vol. 220, art. 109227. https://doi.org/10.1016/j.plaphy.2024.109227

19. Helaoui S., Boughattas I., Hattab S., Mkhinini M., Alphonse V., Livet A., Bousserrhine N., Banni M. Physiological,
biochemical and transcriptomic responses of Medicago sativa to nickel exposure. Chemosphere, 2020, vol. 249, art. 126121.
https://doi.org/10.1016/j.chemosphere.2020.126121

20. Agrawal B., Czymmek K. J., Sparks D. L., Bais H. P. Transient Influx of Nickel in Root Mitochondria Modulates
Organic Acid and Reactive Oxygen Species Production in Nickel Hyperaccumulator Alyssum murale. Journal of Biological
Chemistry, 2013, vol. 288, no. 10, pp. 7351-7362. https://doi.org/10.1074/jbc.M112.406645

21. Yemets A., Horiunova I., Blume Y. Cadmium, nickel, copper, and zinc influence on microfilament organization
in Arabidopsis root cells. Cell Biology International, 2021, vol. 45, no, 1, pp. 211-226. https://doi.org/10.1002/cbin.11485

22. Leskova A., Zvarik M., Araya T., Giehl R. F. H. Nickel Toxicity Targets Cell Wall-Related Processes and PIN2-
Mediated Auxin Transport to Inhibit Root Elongation and Gravitropic Responses in Arabidopsis. Plant Cell Physiology, 2020,
vol. 61, no. 3, pp. 519-535. https://doi.org/10.1093/pcp/pcz217

23. Czechowski T., Stitt M., Altmann T., Udvardi M. K., Scheible W. R. Genome-wide identification and testing
of superior reference genes for transcript normalization in Arabidopsis. Plant Physiology, 2005, vol. 139, no. 1, pp. 5-17.
https://doi.org/10.1104/pp.105.063743

24. Vanhoudt N., Vandenhove H., Horemans N., Wannijn J., Van Hees M., Vangronsveld J., Cuypers A. The combined
effect of uranium and gamma radiation on biological responses and oxidative stress induced in Arabidopsis thaliana. Journal
of Environmental Radioactivity, 2010, vol. 101, no. 11, pp. 923-30. https://doi.org/10.1016/j.jenvrad.2010.06.008

25. Boudsocq M., Willmann M. R., McCormack M., Lee H., Shan L., He P., Bush J., Cheng Sh.-H., Sheen J. Differential
innate immune signalling via Ca" sensor protein kinases. Nature, 2010, vol. 464, no. 7287, pp. 418-22. https://doi.org/10.1038/
nature08794

26. Seregin 1. V., Kozhevnikova A. D. Physiological role of nickel and its toxic effects on higher plants. Russian Journal
of Plant Physiology, 2006, vol. 53, no. 2, pp. 257-277. https://doi.org/10.1134/S1021443706020178

27. Riyazuddin R., Nisha N., Ejaz B., Khan M. I. R., Kumar M., Ramteke P. W., Gupta R. A comprehensive review
on the heavy metal toxicity and sequestration in plants. Biomolecules, 2021, vol. 12, no. 1, art. 43. https://doi.org/10.3390/
biom12010043

28. Kriamer U., Cotter-Howells J. D., Charnock J. M., Baker A. J. M., Smith J. A. C. Histidine as a metal chelator in plants
that accumulate nickel. Nature, 1996, vol. 379, no. 6566, pp. 635—638. https://doi.org/10.1038/379635a0

29. Ingle R. A., Mugford S. T., Rees J. D., Campbell M. M., Smith J. A. C. Constitutively High Expression of the Histi-
dine Biosynthetic Pathway Contributes to Nickel Tolerance in Hyperaccumulator Plants. Plant Cell, 2005, vol. 17, no. 7,
pp- 2089-2106. https://doi.org/10.1105/tpc.104.030577

30. Demidchic, V. Mechanisms of oxidative stress in plants: From classical chemistry to cell biology. Environmental
and Experimental Botany, 2015, vol. 109, pp. 212-228. https://doi.org/10.1016/j.envexpbot.2014.06.021

31. Foreman J., Demidchik V., Bothwell J. H. F., Mylona P., Miedema H., Torres M. A., Linstead P., Costa S., Brownlee
C., Jones J. D. G., Davies J. M., Dolan L. Reactive oxygen species produced by NADPH oxidase regulate plant cell growth.
Nature, 2003, vol. 422, no. 6930, pp. 442—446. https://doi.org/10.1038/nature01485

32. Demidchik V., Straltsova D., Medvedev S. S., Pozhvanov G. A., Sokolik A., Yurin V. Stress-induced electrolyte
leakage: the role of K'-permeable channels and involvement in programmed cell death and metabolic adjustment. Journal
of Experimental Botany, 2014, vol. 65, no. 5, pp. 1259—1270. https://doi.org/10.1093/jxb/eru004

33. Ma Q., Zhao Ch., Hu Sh., Zuo K. Arabidopsis calcium-dependent protein kinase CPK6 regulates drought tolerance
under high nitrogen by the phosphorylation of NRT1.1. Journal of Experimental Botany, 2023, vol. 74, no. 18, pp. 5682—-5693.
https://doi.org/10.1093/jxb/erad277

34. Cohen A., Hacham Y., Welfe Y., Khatib S., Avice J.-Ch., Amir R. Evidence of a significant role of glutathione
reductase in the sulfur assimilation pathway. The Plant Journal, 2020, vol. 102, no. 2, pp. 246-261. https://doi.org/
10.1111/tpj.14621

35. Lee J., Das A., Yamaguchi M., Hashimoto J., Tsutsumi N., Uchimiya H., Umeda M. Cell cycle function of a rice B2-
type cyclin interacting with a B-type cyclin-dependent kinase. The Plant Journal, 2003, vol. 34, no. 4, pp. 417-425. https://
doi.org/10.1046/j.1365-313x.2003.01736.x

36. Hafsi C., Collado-Arenal A. M., Wang H., Sanz-Fernandez M., Sahrawy M., Shabala S., Romero-Puertas M. C.,
Sandalio L. M. The role of NADPH oxidases in regulating leaf gas exchange and ion homeostasis in Arabidopsis plants
under cadmium stress. Journal of Hazardous Materials, 2022, vol. 429, art. 128217. https://doi.org/10.1016/j.jhazmat.
2022.128217

37. Jozefczak M., Remans T., Vangronsveld J., Cuypers A. Glutathione Is a Key Player in Metal-Induced Oxidative
Stress Defenses. International Journal of Molecular Sciences, 2012, vol. 13, no. 3, pp. 3145-3175. https://doi.org/10.3390/
ijms13033145



Becni Haupsnanshaii akamamii HaByk benmapyci. Cepsist Oismarigabix HaByk. 2025. T. 70, Ne 4. C. 304-315 315

38. Mhamdi A., Hager J., Chaouch S., Queval G., Han Y., Taconnat L., Saindrenan P., Gouia H., Issakidis-Bourguet E.,
Renou J. P., Noctor G. Arabidopsis GLUTATHIONE REDUCTASE] Plays a Crucial Role in Leaf Responses to Intracellular
Hydrogen Peroxide and in Ensuring Appropriate Gene Expression through Both Salicylic Acid and Jasmonic Acid Signaling
Pathways. Plant Physiology, 2010, vol. 153, no. 3, pp. 1144—-1160. https://doi.org/10.1104/pp.110.153767

39. Grill E., Winnacker E.-L., Zenk M. H. Phytochelatins: the principal heavy-metal complexing peptides of higher
plants. Science, 1985, vol. 230, no. 4726, pp. 674—676. https://doi.org/10.1126/science.230.4726.674

40. Chen J., Zhou J., Goldsbrough P. B. Characterization of phytochelatin synthase from tomato. Physiologia Plantarum,
1997, vol. 101, no. 1, pp. 165—172. https://doi.org/10.1111/j.1399-3054.1997.tb01833.x

HNndopmanus 00 aBTopax

Mayxkesuy Bepa Cepeeegna — cTapiinii IpernoaaBaTeb,
Hayd. COTPYIHHK. benopycckuii rocy1apcTBEHHBIH YHUBEP-
cutet (np. HezaBucumocru, 4, 220030, r. MuHck, Pecry©6-
nuka benapyce). E-mail: mackievic@bsu.by. https://orcid.org/
0000-0002-5116-0157

Jemuouux Baoum Bukmoposuy — 4II€H-KOPPECIIOH/ICHT,
I-p O6uon. Hayk, mpodeccop, 1. Hayd. cOTpyAHHUK. MHCTH-
TYT 3KCIepuMeHTanbHOW OoTaHuku um. B. @. Kynpesuua
HAH Benapycu (yn. Axkagemudeckas, 27, 220072, r. MuHCK,
Pecmry6nuka Benapycs). E-mail: demidchik@botany.by. https:/
orcid.org/0000-0003-3765-8386

Information about the authors

Viera S. Mackievic — Senior Lecturer, Researcher. Bela-
rusian State University (4, Nezavisimosti Ave., 220030, Minsk,
Republic of Belarus). E-mail: mackievic@bsu.by. https:/orcid.
org/0000-0002-5116-0157

Vadim V. Demidchik — Corresponding Member,
D. Sc. (Biol.), Professor, Chief Researcher. V. F. Kuprevich
Institute of Experimental Botany of the National Academy
of Sciences of Belarus (27, Akademicheskaya Str., 220072,
Minsk, Republic of Belarus). E-mail: demidchik@botany.by.
https://orcid.org/0000-0003-3765-8386



